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metric	 to	 compute	 beta	 diversity	 between	 all	 pairwise	 combinations	 of	 sites,	 and	
then	used	Non‐Metric	Multidimensional	Scaling	to	reduce	18	pairwise	values	per	site	
to	a	single	site	value,	which	we	used	to	test	whether	fragment	area	and/or	isolation	
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1  | INTRODUC TION
Tropical	forests	represent	some	of	the	most	species‐rich	ecosystems	
on	 the	planet,	and	are	under	continuing	pressure	 from	habitat	 loss	
and	fragmentation,	driven	by	deforestation	for	agricultural	expansion	
(Taubert	et	al.,	2018).	When	continuous	tracts	of	habitat	are	substan‐
tially	 reduced	 in	 area	and	 fragmented,	 the	 remnants	of	habitat	 are	
often	relatively	small	and	isolated	from	one	another	(Haddad	et	al.,	
2015).	How	the	local	plant	composition	within	forest	fragments	will	
change	 thereafter	 is	 far	 from	clear,	 and	could	either	 converge	 to	a	













due	 to	differences	 in	 remnant	 characteristics	 (Arroyo‐Rodríguez	et	
al.,	 2015).	 In	 this	 scenario,	 fragments	will	 contribute	 to	 landscape‐
scale	 heterogeneity,	 even	 if	 individual	 remnants	 are	 impoverished,	
because	fragments	will	support	species	not	found	in	other	fragments.	











become more homogeneous or more divergent.











tree	 communities,	 because	 individual	 trees	 can	 live	 for	many	 years	





























We	 examine	 tree	 and	 seedling	 communities	 in	 rain	 forest	 rem‐
nants	that	vary	in	terms	of	their	size	and	degree	of	isolation,	and	are	
embedded	within	a	matrix	of	agricultural	land.	We	calculate	beta	di‐




of	 seedling	 communities	 from	 tree	 communities	 at	 the	 same	 sites).	
We	examine	whether	tree	recruitment	is	affected	in	forest	fragments,	





K E Y W O R D S
beta	diversity,	Borneo,	community	composition,	extinction	debt,	forest	fragmentation,	
recruitment	failure
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the	physical	environment,	the	highest	levels	of	stochastic	variation	in	
population	dynamics,	the	 lowest	 levels	of	rescue	effects	from	other	
fragments,	 and	potentially	 the	highest	 levels	of	human	disturbance.	
First,	we	test	(a)	whether	seedling	communities	in	fragments	are	more	
distinct	from	communities	 in	other	sites,	compared	with	patterns	of	
seedling	 distinctiveness	 in	 continuous	 forest	 sites,	 and	 predict	 that	
any	patterns	seen	in	seedling	communities	will	not	be	evident	in	tree	
communities,	or	far	 less	so.	We	then	test	(b)	whether	seedling	com‐
munities	 are	 diverging	 from	 tree	 communities	within	 each	 site.	We	
examine	 (c)	 whether	 patterns	 of	 divergence	 and	 distinctiveness	 of	
communities	are	associated	with	the	size	and	isolation	of	sites.	Finally,	
we	test	(d)	whether	changes	in	seedling	community	composition	are	
driven	by	 recruitment	 failure,	 and	whether	animal‐dispersed	genera	
are	disproportionately	affected.	In	this	way,	we	assess	whether	each	
fragment	 will	 contribute	 to	 regional	 (landscape)	 diversity	 because	









Lowland	 Sabah	 comprises	 a	 fragmented	mosaic	 of	 forest	 and	 ag‐
riculture,	 and	 all	 forest	 fragments	were	 surrounded	 by	mature	 oil	
palm	plantations	at	the	time	of	study.	Three	of	the	continuous	forest	






















experienced	 low	 levels	of	disturbance	 from	human	encroachment,	
poaching	and	illegal	felling	(pers.	obs.,	Sabah	Forestry	Department,	
2005).	The	14	forest	fragments	range	in	size	from	39	to	120,000	ha	
(Figure	1,	Table	S1)	and	vary	 in	their	degree	of	 isolation.	Site	14	 is	
much	larger	than	all	other	forest	fragments	sampled,	but	nonethe‐
less	 is	 isolated	 from	 continuous	 sites	 (Figure	 1),	 is	 surrounded	 by	






2.2 | Floristic surveys of tree and seedling 
communities
In	 each	 of	 the	 19	 sites,	 a	 1	 km	 linear	 transect	 was	 established,	
comprising	 five	plots	placed	 at	160	m	 intervals	 (Figure	1),	 start‐
ing	 100	m	 from	 the	 forest	 edge	 to	 avoid	 the	main	 edge	 effects	
(Laurance,	2000;	Ewers	&	Didham,	2006),	and	in	forest	fragments	








over	a	 smaller	area.	Trees	>5	cm	dbh	were	divided	 into	 two	size	
groups:	 those	5–30	cm	dbh	were	sampled	 in	one	5	×	40	m	strip	
within	 each	 plot,	 whereas	 trees	 >30	 cm	 dbh	 were	 enumerated	
in	the	full	20	×	40	m	plot.	Seedlings	 (non‐climbing	woody	plants	
<1.5	m	in	height	and	<1	cm	dbh)	were	enumerated	in	four	2	×	2	m	
subplots	 distributed	 evenly	 within	 each	 plot	 (Figure	 1).	 We	 as‐
sume	that	seedlings	have	predominantly	been	recruited	after	the	
isolation	of	forest	fragments	in	the	1990s	(Table	S1),	the	majority	
of	 recruiting	during	 recent	mast	 fruiting	 events	 (e.g.	 particularly	
strong	 global	 ENSO	events	 took	place	 in	 1997/98	 and	2015/16,	
resulting	 in	mast	 flowering	and	 fruiting;	Connell	&	Green,	2000;	
Cpc.ncep.noaa.gov,	2018),	while	 trees	 (>5	cm	dbh)	 largely	 repre‐
sent	pre‐isolation	communities.	For	a	detailed	discussion	on	tree	




















2.3 | Measuring site area and isolation
We	related	patterns	of	distinctiveness	and	divergence	of	communi‐
ties	at	each	of	the	19	sites	to	site	area	and	isolation.	We	measured	
the	area	of	 forest	 fragments	using	R	 v.	 3.2.2	 (R	Core	Team,	2015)	

















2.4.1 | Computing distinctiveness and divergence of 
communities
We	 computed	 pairwise	 Chao‐Sørensen	 abundance‐based	 dis‐
similarities between trees and between seedlings across all our 
sites,	between	seedlings	and	trees	within	sites	and	for	all	pairwise	
combinations	 of	 trees	 and	 seedlings	 in	 all	 sites	 for	 the	 full	 plant	
community.	 The	 Chao‐Sørensen	 index	 was	 the	 most	 appropriate	
dissimilarity	metric	 to	 use	because	 it	 reduces	 under‐sampling	bias	
by	estimating	the	number	of	unseen	rare	species,	and	 is	 therefore	
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useful	when	 sampling	 communities	 that	 have	 high	 alpha	 diversity	
and	a	large	fraction	of	rare	species	(Chao,	Chazdon,	Colwell,	&	Shen,	
2004).	 To	 examine	 distinctiveness	 of	 trees	 and	 seedlings	 among	








trix	 containing	 both	 trees	 and	 seedlings,	 and	 divergence	 between	
trees	and	seedlings	within	each	site	was	calculated	as	the	Euclidean	









To	 examine	whether	 differences	 in	 patterns	 of	 distinctiveness	
and	 divergence	 in	 our	 study	 were	 due	 to	 geographical	 distance	
between	 sites,	 we	 conducted	 two	Mantel	 tests	 regressing	 Chao‐
Sørensen	 abundance‐based	 pairwise	 dissimilarities	 of	 trees	 and	




2.4.2 | Divergence and distinctiveness in relation to 




among	 sites	 (distance‐to‐centroid	 in	NMDS	ordinations)	were	 due	
to	site	area	and	isolation.	Models	were	fitted	with	area	and	isolation	
separately	and	together	 in	the	same	model,	and	the	model	 fit	was	
evaluated	based	on	 the	 relative	AIC	 (Table	1).	Values	approaching	
zero	indicate	low	divergence/distinctiveness,	and	those	approaching	
one	indicate	high	levels	of	divergence/distinctiveness.
2.4.3 | Variation in divergence and distinctiveness 





as	 trees	 and	 seedlings	 (representing	 successful	 recruitment),	 those	
present	as	trees	but	not	seedlings	(representing	potential	recruitment	








In	 order	 to	 ensure	 that	 the	 results	 of	 these	 analyses	 were	 not	
skewed	by	the	greater	proximity	of	continuous	forest	sites	to	one	an‐













TA B L E  1  GLM	metrics	for	tree	distinctiveness,	seedling	distinctiveness	and	tree	seedling	divergence.	Model	set	does	not	include	any	
models	for	which	a	higher	ranked	(lower	AIC),	nested	model	exists.	Significant	variables	are	highlighted	in	bold
Response variable Predictor variables df Estimate AICc Δ
i
Residual deviance Adjusted R2
Tree distinctiveness Area + Isolation 16 −0.02
0.00
−42.89 0.00 0.08 .12
Null 18 0.23 −42.11 0.78 0.10 .00
Isolation 17 0.00 −42.09 0.80 0.09 .04
Area 17 0.00 −40.25 2.64 0.10 .00
Seedling	distinctiveness Area 17 −0.05 −31.50 0.00 0.15 .37
Null 18 0.33 −23.43 8.07 0.26 .00
Tree seedling divergence Area 17 −0.04 −38.35 0.00 0.19 .21



























of	 the	 following	 variables	 (for	 collection	methods	 see	 Stride	 et	 al.,	




isolation metrics systematically related to underlying environments 
present	at	each	site.
3.1 | Variation in divergence and 




other	 seedling	 communities	 (Figure	 2d–f),	 and	 seedling	 diver‐
gence	from	adult	trees	was	also	greatest	in	small	forest	fragments	




(area	only,	Table	1)	model.	We	conclude	 that	 increasing	 levels	of	
tree seedling divergence and seedling distinctiveness are associ‐










The	 distinctiveness	 of	 seedling	 communities	 that	 we	 find	
in	 small	 fragments	 could	 arise	 in	 two	 different	 ways,	 either	 by	
representing	 a	 predictable	 subset	 of	 genera	 (in	which	 case	 they	
would	diverge	from	large	fragments	and	continuous	forest,	but	not	
from	one	another),	or	by	diverging	 from	one	another	 (each	small	
fragment	 having	 a	 unique	 community).	 Comparisons	 of	 pairwise	
dissimilarities	 (n	 =	 10	 pairs	 in	 each	 group)	 revealed	 that	 differ‐
ences	between	seedling	communities	 for	 the	 five	smallest	 forest	
fragments	were	 the	 highest	 (A1:	 40–307	 ha,	mean	 pairwise	 dis‐
similarity	±	SE	 =	0.66	±	0.09,	 Figure	3a,	 Table	 S2),	 still	 relatively	
high	 for	 the	 five	 medium	 forest	 fragments	 (A2:	 419–2,473	 ha,	
mean	=	0.62	±	0.06),	but	lower	for	the	five	largest	forest	fragments	
(A3:	 2,473–123,000	 ha,	 mean	 =	 0.35	 ±	 0.07)	 and	 for	 pairwise	
comparisons	among	continuous	forest	sites	(mean	=	0.30	±	0.07).	
Similarly,	pairwise	dissimilarities	between	seedling	communities	in	
the	most	 isolated	forest	 fragments	 (I1:	4.96–6.71,	mean	pairwise	
dissimilarity	±	SE	=	0.58	±	0.07;	I2:	4.04–4.57,	mean	=	0.68	±	0.06,	
Figure	3c)	were	greater	than	those	in	less	isolated	forest	fragments	
(I3:	 2.76–4.04,	 mean	 =	 0.49	 ±	 0.08)	 or	 continuous	 forest	 sites	
TA B L E  2  GLM	metrics	of	models	relating	number	of	genera	occurring	at	each	of	the	19	sites	which	were	present	(a)	as	both	trees	and	
seedlings,	(b)	tree	genera	without	seedlings	and	(c)	seedling	genera	without	trees.	Model	set	does	not	include	any	models	for	which	a	higher	
ranked	(lower	AIC),	nested	model	exists.	Significant	variables	are	highlighted	in	bold
Response variable Predictor variables df Estimate AICc Δ
i
Residual deviance Adjusted R2
Trees and seedlings Area 17 0.10 103.65 0.00 10.60 .45
Null 18 2.89 110.10 6.45 19.05 .00
Trees only Null 18 3.51 120.63 0.00 17.17 .00
Area 17 −0.02 121.36 0.73 15.89 .07
Isolation 17 0.00 121.87 1.24 16.70 .03
Seedlings	only Null 18 2.00 91.88 0.00 17.85 .00
Isolation 17 0.00 93.77 1.89 17.59 .02









Increased	 distinctiveness	 of	 communities	 in	 small	 fragments	





3.2 | Role of recruitment failure
The	number	of	plant	 genera	occurring	 at	 each	of	our	19	 sites	 that	





a	 poor	 predictor	 in	 comparison	 with	 area	 in	 all	 univariate	 models	
(Table	2).	We	conclude	that	reproductive	failure	of	certain	genera	in	























variation in seedling distinctiveness we observed.
4  | DISCUSSION
Our results demonstrate that tree recruitment varies consider‐
ably	 among	 fragments,	with	 the	 greatest	 impacts	observed	 in	 the	
smallest	remaining	fragments,	and	with	a	possible	additional	role	for	
fragment	isolation.	We	found	that	seedling	communities	in	small	for‐
est	 fragments	 are	diverging	 from	 those	 in	 continuous	 forest	 sites,	
from	seedling	communities	in	other	forest	fragments,	and	from	tree	





ity	 across	 landscapes;	 e.g.	Wintle	 et	 al.,	 2019),	 but	 each	 fragment	
will	become	decreasingly	 like	the	small	part	of	a	continuous	forest	
that	 it	 once	 was.	 Although	 the	 identities	 of	 plant	 species	 within	
tropical	communities	vary	considerably	across	tropical	regions,	the	
findings	 from	 our	 study	 that	 communities	 in	 different	 fragments	
































value is adjusted R2










Before	 interpreting	 our	 results	 in	 detail,	 we	 should	 recognise	
that trees are long‐lived organisms and mature individuals may 
persist	 for	 several	 centuries	 in	 forest	 fragments	protected	against	
logging	and	other	human	disturbance	(so‐called	“living	dead”	trees	
by	 Janzen,	 1986).	 However,	 disruption	 of	 physical	 and	 biological	
processes	 within	 fragments	 as	 a	 result	 of	 edge	 creation,	 reduced	
population	sizes,	 and	changes	 to	 the	abundances	and	 identities	of	
pollinators,	 herbivores	 and	 seed	dispersers,	may	 result	 in	 reduced	
recruitment	 success	 or	 complete	 recruitment	 failure	 in	 some	 spe‐
cies,	but	potentially	 increased	recruitment	 in	others	 (e.g.	Laurance	
et	 al.,	 2007).	Tree	 longevity	masks	 the	 long‐term	changes	 in	plant	
communities	 within	 fragments,	 creating	 community	 composition	
lags	that	may	take	many	decades	to	be	fully	realised	 (Kuussaari	et	
al.,	 2009).	 Impacts	 are	 likely	 to	manifest	 themselves	much	 sooner	












4.1 | The distinctiveness of seedling communities is 






munities	 appear	 to	 be	 generated	 in	 fragments,	 which	 collectively	
retain	 considerable	diversity	 (even	 if	 each	 individual	 fragment	has	
reduced	richness:	Stride	et	al.,	2018);	whereas	we	find	no	evidence	
that	small	and	isolated	fragments	are	following	the	same	trajectory	
of	 change	 to	become	 impoverished	 to	a	 set	of	 common	 taxa—and	
hence	no	evidence	for	homogenisation	(Laurance	et	al.,	2007).	Far	
from	 homogenising	 to	 a	 common	 set	 of	 (potentially)	 disturbance‐
adapted	genera,	a	different	set	of	genera	 is	 recruiting	seedlings	 in	
each	fragment.
These	patterns	for	seedlings	are	not	seen	amongst	tree	com‐
munities,	which	 represent	as	close	as	we	can	get	 to	 the	pre‐iso‐
lation	 condition	 of	 the	 forest,	 and	 pairwise	 dissimilarity	 is	 not	
correlated	with	 geographical	 distance	 (i.e.	we	 are	 not	 observing	
the	 impacts	 of	 pre‐existing	 environmental	 gradients).	 This	 sug‐
gests	that	the	shifts	in	seedling	composition	we	observe	are	likely	
to	 have	 been	 driven	 by	 the	 conditions	 in	 fragments	 rather	 than	
by	 pre‐existing	 differences	 in	 community	 composition.	 The	 fact	
that	 relatively	 fewer	 tree	 genera	 are	 recruiting	 seedlings	 in	 the	
smallest	fragments	suggests	that	some	genera	are	failing	in	some	










ence	 the	penetration	of	edge	effects	 and	 the	 level	of	disturbance	

















predominantly	 outcrossing	 and	 retain	 deleterious	 recessive	 alleles	
in	 their	populations;	 they	 face	a	heightened	 risk	of	 inbreeding	de‐





4.2 | Increasing divergence of communities 
within fragments














partly	 by	 immigration,	 presumably	mainly	 from	 adult	 trees	 located	
elsewhere	 in	sites.	 If	one	 just	considers	recruitment	success	 (which	




forest	 (Figure	4a).	 If	 this	 relative	 increase	 in	 immigrant	 recruitment	
eventually	 translates	 into	adult	 tree	composition,	 it	 implies	a	much	
higher	future	turnover	of	the	generic	composition	of	trees	per	plot	
(i.e.	at	a	scale	of	0.08	ha)	in	small	fragments	than	in	continuous	forest.
The	difference	between	 the	origin	of	 seedlings	 in	small	 frag‐
ments	 compared	 with	 continuous	 forest	 arises	 because	 the	
recruitment	success	of	standing	trees	was	 lowered	 in	small	 frag‐
ments,	 but	 the	 immigration	of	 new	genera	 (not	 present	 as	 adult	
trees	 in	 the	plots),	 remained	similar	across	all	 sizes	of	 fragments	




sarily	 lower	 than	 in	 continuous	 forest	 sites.	 This	 result	 is	 some‐
what	 surprising	 because	 defaunation	 is	 frequently	 reported	 in	
small	fragments	(Canale	et	al.,	2012),	disrupting	seed	dispersal	and	
limiting	movement	of	seeds	away	 from	parent	 trees	 (Harrison	et	
al.,	 2013);	 thus	we	might	 expect	 there	 to	 be	 a	 reduced	 input	 of	
seedling	 genera	 into	 plots	 in	 smaller	 fragments	 from	 surround‐
ing	 trees,	 and	 for	 the	 input	 of	 predominantly	 animal‐dispersed	
genera	 to	be	even	 further	 reduced.	Similarly,	we	might	expect	a	
relatively	greater	 input	of	abiotically	dispersed	genera	 in	smaller	
fragments.	However,	we	did	not	find	clear	differences	in	the	seed‐
ling	 recruitment	 successes	 and	 failures	 of	 animal	 and	 abiotically	
dispersed	 genera	 that	 would	 correspond	 to	 the	 defaunation	 of	




our	 results	 support	 the	 hypothesis	 that	 recruitment	 differences	





ments,	 our	 results	 could	 be	 a	 consequence	 of	 heterogeneity	 in	
altered	physical,	 biological	 and	human	 forces	 acting	 in	different	
combinations	 and	 strengths	 in	 different	 locations.	We	 conclude	
that	 surviving	 forest	 fragments	 still	 (for	 the	 time	being)	 contain	
a	mixture	of	 forest	 trees	broadly	 representative	of	pre‐isolation	
communities,	 that	 tree	 recruitment	 is	 continuing	 within	 forest	
fragments	 as	well	 as	within	 continuous	 forest,	 and	 that	 recruit‐
ment has already generated divergence among the seedling com‐
munities	in	different	locations;	so	there	is	potential	for	each	forest	
fragment	to	embark	on	a	different	future	successional	trajectory.	
As	 such,	 although	 each	 individual	 small	 fragment	 may	 support	
an	 impoverished	 subset	 of	 species	 per	 plot	 (Stride	 et	 al.,	 2018),	
a	 diverging	 ensemble	 of	 forest	 fragments	 has	 the	 potential	 to	
support	 a	 considerable	 diversity	 of	 species.	 Each	 fragment	 can	
potentially	 support	 some	species	and	genera	 that	are	not	 found	
in	 fragments	 elsewhere	 in	 the	 landscape,	 such	 that	 the	 frag‐
ments	 collectively	 support	 an	 equivalent	 number	 of	 genera	 (for	
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